Background/Aims: Klotho is a multifunctional protein expressed predominantly in kidney tubular epithelium. Here, we investigated the protective effects of Klotho on necroptosis in renal ischemic-reperfusion injury (IRI) and the role of oxidative stress in this process. Methods: Mice were subjected to bilateral renal pedicle clamping. Mouse renal tubular epithelial (TCMK-1) cells were exposed to hypoxia/reoxygenation (H/R) or H 2 O 2 . Kidney samples from acute kidney injury (AKI) patients and controls were examined by immunofluorescence. Klotho protein and N-acetyl-L-cysteine (NAC) were used to define their roles in mediating necroptosis. Necroptosis was assessed by TUNEL staining, immunoblotting, and real-time PCR. Oxidative stress was studied via ELISA, immunoblotting, colorimetric, and thiobarbituric acid reactive substances assays. Results: Renal IRI induced Klotho deficiency in the serum and kidney, but an increase in the urine. The levels of the necroptotic markers receptor-interacting protein kinase (RIP) 1, RIP3, IL-1β, and TUNEL-positive cells increased after IRI; all increases were ameliorated by Klotho. In TCMK-1 cells, Klotho and NAC attenuated the elevation in RIP1, RIP3, and LDH release induced by H/R or H 2 O 2 . Moreover, Klotho decreased the levels of oxidative stress biomarkers and elevated superoxide dismutase 2 expression in both in vivo and in vitro experiments. Studies in human samples further confirmed the Klotho deficiency and increased formation of RIP3 puncta in AKI kidneys. Conclusion: Klotho protects tubular epithelial cells from IRI and its anti-necroptotic role may be associated with oxidative stress inhibition.
Assessment of membrane integrity
Measurement of the release of LDH was performed by using the CytoTox-ONE TM assay according to the manufacturer's instructions (Promega, Madison, WI). Fluorescence was recorded using a fluorescence plate reader (BioTek-synergy, Arcugnano, Vicenza) with an excitation wavelength of 560 nm and an emission wavelength of 590 nm.
Immunoblot analysis
Whole cell or tissue samples were homogenized in RIPA buffer (Santa Cruz Biotechnology, Inc., Dallas, TX) with protease inhibitor cocktail (Thermo Scientific) and 40 μg total protein was used for immunoblot analysis according to our previous protocols [27] . Blots were probed with anti-Klotho (1:200; Thermo Scientific), anti-3-nitrotyrosine (1:500; Abcam, Cambridge), anti-SOD2 (1:500; Santa Cruz Biotechnology), anti-RIP1 (1:100; Santa Cruz Biotechnology), anti-RIP3 (1:500; Santa Cruz Biotechnology), anti-IL-1 beta (1:1000; Abcam), anti-tubulin (1:1000; Abcam), anti-beta-actin (1:2000; Abcam), anti-catalase (1:1000; Abcam), anti-GPX4 (1:1000; Abcam), anti-t-FoxO1 (1:1000; Cell Signaling Technology, Beverly, CA), antip-FoxO1 (1:1000; Cell Signaling Technology), anti-t-FoxO3a (1:1000; Cell Signaling Technology), anti-pFoxO3a (1:1000; Cell Signaling Technology), or anti-GAPDH (1:1000; Cell Signaling Technology) antibodies overnight at 4 °C. After washing, the membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (1:5000; Cell Signaling Technology). After washing, specific signals were determined using an ECL kit (Thermo Scientific) on a Tanon 5200 Chemiluminescent Imaging System (Tanon, Shanghai). Gray values were analyzed with ImageJ software.
RNA extraction and quantitative real-time PCR
Total mRNA was extracted with Trizol Reagent (Thermo Scientific) and reverse transcribed with cDNA Reverse Transcription Kits (TAKARA, Dalian). Target or control genes were amplified with specific primers (Table 1) and SYBR Green I reagent (TAKARA) on a thermocycler (LightCycler 480 System; Roche Applied Science, Mannheim). Samples were run in triplicate for initial denaturation at 95 °C for 30 s followed by 40 cycles at 95 °C for 5 s and 60 °C for 20 s. The amounts of different mRNA transcripts were calculated by the comparative C T method [28] and corrected for GAPDH. 
ELISA
Mouse Klotho ELISA (Uscn Life Science, Wuhan) and u-8-OHdG ELISA (JaICA, Fukuroi, Shizuoka) were performed according to the manufacturer's instructions. The intra-and inter-assay coefficients of variation were both <12% for Klotho and <8% for 8-OHdG. The assay ranges were 3.12 to 200 pg/mL for Klotho and 0.5 to 200 ng/mL for 8-OHdG. The results of urinary Klotho and 8-OHdG were corrected for urinary creatinine excretion.
Measurement of total SOD activity and MDA levels
Total SOD activity was determined using a Superoxide Dismutase Activity/Inhibition Assay Kit (EpiGentek, Farmingdale, NY). Quantitative measurement of MDA was performed using a Thiobarbituric Acid Reactive Substances Assay Kit (Cell Biolabs, Inc., San Diego, CA).
Determination of intracellular ROS generation
A cell-permeable probe, 2′,7′-dichlorofluorescein diacetate (DCFH-DA, Beyotime Biotechnology, Jiangsu), was used to measure intracellular ROS formation. Briefly, cells were incubated with DCFH-DA (2 µM) for 20 min at 37 °C. After washing with serum-free medium, cells were imaged on a fluorescence microscope at 488 nm (×400; Leica, Bensheim, Germany).
In situ TUNEL assays
To detect DNA strand breaks in kidney tissues, TUNEL staining was performed using an In Situ Cell Death Detection Kit (Roche Applied Science). Samples were analyzed under a fluorescence microscope (×200; Leica).
Histochemistry and immunofluorescent staining
Kidneys were fixed in 4% neutral-buffered formaldehyde for 24 h, dehydrated, and embedded in paraffin. Sections (4 µm) were stained with hematoxylin-eosin (HE). The histologic damage was scored by two pathologists who were blinded to the experimental conditions. The scoring system was described previously [29] . Immunohistochemistry staining was performed with primary antibodies against Klotho (1:100) and Kim-1 (1:100; Abcam), followed by biotinylated secondary antibody incubation. After incubation with Vector ABC reagent, the slides were developed with DAB substrate (Vector Laboratories, Youngstown, OH). For nuclear staining, Carazzi hematoxylin was used. Stained sections were analyzed on a microscope (×200; Leica). For immunofluorescent staining, primary antibodies against Klotho (1:100), SOD2 (1:100), RIP3 (1:100), Kim-1 (1:100), and fluorescent-conjugated secondary antibodies (1:200) were applied to the sections. Stained sections were analyzed on a microscope (×200 and ×400; Leica).
Statistical analyses SPSS version 21.0 statistical software (IBM SPSS, Chicago, IL) was used for statistical analysis. Data are expressed as the mean ± SEM and compared using one-way ANOVA followed by Tukey multiple comparison tests when they were normally distributed. Non-normally distributed continuous data were expressed as medians with interquartile range and analyzed using the Mann-Whitney U test. The Spearman's correlation coefficient was examined for correlation analysis. Significant differences were considered as p < 0.05.
Results

Klotho decreases after renal IRI
After renal IRI, the levels of Scr and blood urea nitrogen (BUN) significantly increased at 24 h of reperfusion (Scr: 95.20 ± 9.66 µmol/L vs. 11.20 ± 0.86 µmol/L; BUN: 40.96 ± 2.79 mmol/L vs. 7.86 ± 1.00 mmol/L; both p < 0.001) and completely returned to normal levels on day 7 compared with sham-operated mice (Fig. 1A) . The histological results showed increased levels of renal tubular damage and kidney injury molecule 1 (Kim-1) expression after renal IRI (Fig. 1B and C Fig. 1D ). In contrast to serum Klotho, urinary Klotho levels were significantly elevated at 12 h post-reperfusion in IRI mice and returned to normal soon afterward (Fig. 1E ). In addition, Klotho mRNA and protein expression in the kidney were also downregulated in the IRI group ( Fig. 1F and G). Moreover, Klotho was increased in the tubular lumen of AKI mice but was decreased in kidney tubular epithelial cells (Fig. 1H) .
Klotho administration attenuates IRI-induced AKI
To clarify the therapeutic effects of Klotho in IRI-induced AKI, recombinant Klotho protein or phosphate-buffered saline was applied intraperitoneally 30 min after reperfusion. Serum Klotho levels in Klotho-treated mice significantly increased on 1 day after injection and were higher than those in vehicle-treated mice for at least 2 days ( Fig. 2A ). As shown in Fig.  2B and C, Klotho treatment significantly attenuated the increase in Scr and BUN induced by IRI. Histological kidney damage and Kim-1 expression were also alleviated in Klotho-treated IRI mice ( Fig. 2D and E) . We then investigated if fibroblast growth factor (FGF) 23 promoted 
Necroptosis is involved in renal IRI
As shown in Fig.  3A and B, IRI kidney overproduced RIP1 and RIP3. Necroptosis can be distinguished from apoptosis by the rupture of the plasma membrane and subsequent release of its intracellular contents, leading to a greater capacity to promote immune responses [30] . Therefore, we further assessed the expression of IL-1 beta and found that it was significantly increased in AKI mice ( Fig. 3C and D) . In addition, necrostatin-1 (Nec-1), a necroptosis inhibitor, prevented renal dysfunction in IRI mice (Fig. 3E) . Histological examination further showed fewer features of kidney damage after Nec-1 treatment in IRI mice (Fig. 3F) .
Klotho reduces the necroptosis induced by renal IRI
Because TUNEL positivity is not only limited to apoptosis, but also found in necroptosis [31, 32] , we conducted TUNEL staining on 1 day after reperfusion. As shown in Fig. 4A , the number of TUNEL-positive cells was higher in IRI mice than in sham mice and was attenuated after Klotho treatment. Klotho also downregulated the expression of RIP1, RIP3, and IL-1 beta in IRI mice (Fig. 4B-D) .
In vitro with TCMK-1 cells, hypoxia for 24 h followed by reoxygenation for 8 h induced Klotho deficiency and IL-1 beta elevation (Fig. 4E ). As shown in Fig. 4F and G, hypoxia/ reoxygenation (H/R) upregulated the expression of RIP1 and RIP3 and induced the release of lactate dehydrogenase (LDH). However, Klotho and N-acetyl-L-cysteine (NAC), a ROS scavenger, attenuated this response. In addition to TCMK-1 cells, Klotho also decreased RIP1 and RIP3 elevation in human proximal renal tubular epithelial cells (HK2) in response to H/R (Fig. 4H) .
Klotho ameliorates the oxidative stress implicated in renal IRI
As demonstrated in Fig. 5A , renal malondialdehyde (MDA) concentrations significantly increased to nearly 2-fold those of sham-operated mice after ischemic injury. MDA levels (Fig. 5B) . Conversely, the activities of total superoxide dismutase (SOD) and the expression of SOD2 protein in IRI kidneys were downregulated ( Fig. 5C and D). Both serum Klotho protein and renal Klotho transcripts were negatively correlated with the levels of urinary 8-OHdG and were positively correlated with total SOD activities (p < 0.05; Fig. 5E and F) . A negative correlation was also found between renal Klotho transcripts and renal MDA but not between serum Klotho and renal MDA (Fig. 5G) .
Klotho application partly but significantly mitigated the generation of u-8-OHdG and renal MDA in IRI mice ( Fig. 6A and B) . Immunoblot results showed that the kidneys had lower 3-nitrotyrosine (3-N) and higher SOD2 expression in Klotho-treated IRI mice than in vehicle-treated IRI mice (Fig. 6C and D) . Klotho also ameliorated the reduction in total SOD activities induced by IRI (Fig. 6E) . In line with the in vivo results, exposure of TCMK-1 cells to hypoxia resulted in an enormous generation of ROS and more ROS production during reoxygenation. In contrast, Klotho application at 4 nM effectively decreased hypoxia or H/R-induced ROS generation (Fig. 6F) . Meanwhile, renal SOD2 expression was higher in the Klotho-treated group than in the H/R group (Fig. 6G) . However, only mild changes were found in glutathione-peroxidase (GPX) 4 and catalase protein expression between Klotho-treated and untreated H/R groups ( Fig. 6H and I) . We further evaluated whether Klotho regulates the signaling of Forkhead box protein O transcription factors (FoxOs), which are negatively regulated by phosphorylation. Immunoblot analysis revealed that H/R treatment induced FoxO1 and FoxO3a phosphorylation, whereas Klotho protein reduced their phosphorylation (Fig. 6J) .
Klotho reduces the H 2 O 2 -triggered necroptosis in TCMK-1 cells
We then tried to assess the critical role of ROS in regulating necroptosis in tubular epithelial cells and the presumed beneficial effect of Klotho on this process. As shown in Fig. 7A and B, H 2 O 2 elevated the expression of RIP1 and RIP3 proteins, downregulated the expression of SOD2 protein, and increased the release of LDH in a dose-dependent manner. In contrast, the expression of RIP1 and RIP3 proteins was downregulated and the release of LDH was decreased by Klotho or NAC (Fig. 7C and D) . 
Klotho expression is downregulated and RIP3 activity is enhanced in AKI patients
Next, we tested whether human kidneys with AKI also display evidence of Klotho deficiency and RIP3 activation. The basic clinical information and profiles of AKI patients are shown in Tables 2 and 3 , respectively. Immunofluorescence results showed that the expression levels of Klotho and SOD2 in the kidneys of AKI patients were markedly reduced (Fig. 8A) . RIP3 was uniformly diffused throughout the cytosol of tubular cells in control kidneys in which Kim-1 expression were almost negative (Fig. 8B) . However, it formed puncta and merged with Kim-1 protein in the kidneys of AKI patients.
Discussion
Our findings have several implications: (1) Klotho deficiency is not just a biomarker but a contributing factor to the development of AKI; (2) Klotho treatment effectively ameliorates AKI; (3) ROS is capable of triggering necroptosis in renal tubular epithelial cells, which are involved in the pathophysiology process of renal IRI; and (4) Klotho reduces necroptosis, presumably by targeting oxidative stress. To our knowledge, this is the first time that ROS has been proven to trigger necroptosis in renal tubular epithelial cells and that Klotho has been identified as a potential mediator of the necroptosis implicated in IRI-induced AKI.
Klotho is a multifunctional protein expressed predominantly in kidney tubular epithelium. In the context of AKI, we found an immediate but transient upregulation of serum Klotho at 0 h of reperfusion followed by a sustained and significant reduction from 5 h. The transient elevation of serum Klotho is presumed to be a defensive response to acute stress. Our data are in line with previous findings. Hu et al. showed decreased Klotho levels in the plasma and kidneys 3 h after reperfusion, earlier than the change in NGAL and Kim-1 [20] . However, clinical studies of the time course of Klotho changes in humans remain lacking. Here, we examined the Klotho expression in kidney biopsy samples of AKI patients and controls and confirmed the downregulation of Klotho in AKI. A reduced Klotho level has been also found for other causes of AKI, such as cisplatin [22] and folic acid [33] . Thus, Klotho deficiency in AKI is a general phenomenon of kidney damage. Moreover, Klotho [20] . Klotho loss can induce renal apoptosis and calcification [34] . In the current study, Klotho replacement effectively ameliorated AKI (Fig. 2) . These findings strongly indicate a pathogenic role of Klotho loss in AKI.
Few studies have assessed the performance of urinary Klotho in AKI. Here, we found an acute and transient increase in urinary Klotho in AKI mice, which recovered soon thereafter. Our data are in agreement with the results of Torregrosa et al., who showed an early elevation in urinary Klotho levels in AKI patients after cardiac surgery through ELISA [35] . However, Hu et al. demonstrated reduced urinary levels of Klotho with immunoblotting, without providing the sample collection time [20] . Physiologically, Klotho is present in the urine, which can be hematogenously derived through transcytosis and can also be secreted by in situ cells rather than glomerular filtration [17, 18, 36] . However, we do not know the changes in the tubular secretory action for Klotho during AKI. Histologically, proximal tubular epithelial cells lose their brush border membrane, compatible with cell necrosis and shedding. This pathological process may result in an acute increase in Klotho shedding to the lumen (Fig. 1G) . Therefore, the transient elevation in urinary Klotho levels may indicate the severity of tubular injury during AKI.
AKI is histologically characterized by degeneration, necrosis, and accompanying inflammation. In recent years, major breakthroughs have shed light on the mechanism of necroptosis and its in vivo relevance. In 2000, Holler et al. found that RIP1 was required for FAS ligand-induced caspase-independent cell death [37] , which was later termed necroptosis [13] . Another member of the RIPK family, RIP3, which interacts with RIP1 and forms the necroptosome, is a key signaling molecule for the occurrence of necroptosis [10] . Recently, this process has been revealed to be responsible for the pathophysiology of IRI in several organs, including the myocardium [11] and brain [13] . In 2011, Linkermann and his colleagues showed a protection action of Nec-1 on renal IRI in an animal model [38] . Later, RIP3 gene deletion was demonstrated to protect mice from IRI or cisplatin-induced AKI and kidney transplant injury [39] [40] [41] . In the present study, we further showed using in vivo and in vitro approaches an increased aggregated pattern of RIP3 in AKI patients and demonstrated that necroptosis is critical to the pathophysiological process of renal IRI (Figs. 3 and 4) . The importance of the involvement of necroptosis in AKI suggested by the present and previous observations raise a question as to what triggers necroptosis in tubular epithelial cells during AKI.
Numerous lines of evidence have suggested a critical role for ROS in mediating necroptosis, which seems cell type-dependent [42, 43] . ROS is capable of inducing necroptosis in several cell types, such as cardiomyocytes [11, 44] , HeLa cells [45] , and endothelial cells [46] , but not in HT-29 cells [47] or THP-1 cells [48] . We showed increased oxidative stress accompanied by greater necroptosis in AKI mice, implying a possible link between ROS and necroptotic cell death during AKI. In renal tubular epithelial cells, we are the first to illuminate the critical role of ROS in triggering necroptosis by showing that ROS scavenger dramatically reduces H/R-or H 2 O 2 -induced TCMK-1 cell necroptotic death. Previous studies with gene silencing or chemical inhibitors targeting the mitochondrial complex or NADPH complex revealed an important role for ROS from mitochondria in modulating necroptosis [46, 49] . Although the underlying pathways for this process in AKI are unclear, the involvement of ROS in triggering necroptosis in tubular epithelial cells opens a new perspective to mitigate this regulated cell death in AKI.
The effects of Klotho on cellular health have been well documented [16, [50] [51] [52] [53] [54] [55] [56] . Our results are in agreement with previous studies showing that Klotho treatment is sufficient to attenuate AKI [20, 22] . However, the mechanism is far from fully understood and it is currently unclear whether Klotho plays a functional role in necroptosis. Previous studies have suggested an anti-apoptotic effect of Klotho, mainly evidenced by TUNEL staining [57, 58] . However, TUNEL positivity, representing double-strand breaks, can also arise in regulated necrosis [31, 32] . Moreover, HSP70, the reported molecular target of Klotho to interfere with [60, 61] . Recently, Lim et al. also showed a protective role of Klotho in tacrolimus-induced oxidative stress via FoxO3a-mediated SOD2 expression [62] . In the present study, we demonstrated an anti-oxidant role of Klotho during renal IRI, indicated by decreased levels of u-8-OHdG, renal MDA, and 3-nitrotyrosine with increased SOD activities and SOD2 expression after Klotho treatment. In vitro, we also found reduced ROS formation and elevated SOD2 expression in the Klotho-treated group under H/R. However, the effects of Klotho on the expression of catalase and GPX4 are weak. We further showed that Klotho inhibited the phosphorylation of FoxO1 and FoxO3a in response to H/R. Activated FoxO transcription factors can target SOD2 promoter and thus increase its expression [63] . Although Klotho plays an important role in FGF23 signaling [16] , we found no significant difference in FGF23 transcripts between sham and IRI mice and also no significant difference between Klotho treatment and non-treatment IRI groups. The repression of oxidative stress by Klotho makes it possible that Klotho ameliorates IRI-induced necroptosis by reducing ROS generation. In support of this, Klotho administration significantly attenuated H 2 O 2 -induced necroptosis (Fig. 7) . Taken together, the results of this study allow us to safely conclude that Klotho plays an important role in regulating necroptosis in tubular epithelial cells during renal IRI, which depends, at least partly, on the suppression of oxidative stress.
Conclusion
In summary, Klotho deficiency is a general phenomenon in AKI and Klotho treatment protects renal tubular epithelial cells from IRI injury. This protection may be associated with anti-necroptotic effects by targeting the oxidative stress that can trigger necroptotic cell death in AKI. These results suggest that therapeutic Klotho delivery would be a feasible strategy to mitigate AKI.
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